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Depolarized stimulation 1 S-fold increased Ca 2 + influx which was inhibited by pretreatment with verapamil 
or LaCI,. Treatment with pertussis toxin, islet-activating protein (IAP), induced a reduction in 50 mM K+- 
induced Ca2+ influx and stimulated adenylate cyclase (AC) activity in NG108-15 cells. However, addition 
of dibutyryl CAMP or forskolin treatment elevating CAMP level exerted no effects on a depolarization-in- 
duced Ca2+ influx. Dissociated B-oligomer of IAP after treatment with dithiothreitol and ATP increased 
a depolarization-evoked Ca2+ influx. It is suggested that inhibitory GTP-binding protein (Gi) or other IAP 
substrate proteins could directly be involved in Ca 2 + influx via voltage-sensitive Ca2 + channel. 
Pertussis toxin; Ca 2 + influx; Voltage-sensitive Ca2 + channel; cyclic AMP; (NG 108- 15 cell) 
1. INTRODUCTION 
The intracellular Ca2+ is known to be regulated 
by the influx through membranes and the release 
from the intracellular storage sites, that are evoked 
by inositol 1,4,5_trisphosphate (IPJ), a product of 
polyphosphoinositide (PI) turnover [l]. Ca2+ in- 
fluxes could occur by several pathways: voltage- 
sensitive and receptor-operated Ca2+ channels, 
Ca2+-transport ATPases, Na+/Ca2+-exchange 
system and so on [2]. Recent papers reported that 
somatostatin receptors [3], crz-adrenoceptors and 
GABAB receptors [4] are negatively coupled to 
Ca2+ channels via a GTP-binding protein. 
However, it is not clarified whether and how GTP- 
binding proteins are involved in voltage-sensitive 
Ca2+ channels. 
GTP-binding proteins play physiological roles in 
transmembrane signalling mechanisms such as 
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regulation of CAMP [5], of PI turnover [1,6-81, 
IP3-induced Ca2+ release [9, lo] and phospholipase 
A2 activity [l l-131. In addition, it is of interest to 
identify the physiological roles of G,, a new GTP- 
binding protein [14]. Pertussis toxin, islet- 
activating protein (IAP), is known to be a useful 
probe in the elucidation of functional roles of 
GTP-binding protein in the transmembrane 
signalling system, since IAP inactivates Gi and G, 
by ADP-ribosylation. 
In the present paper, we obtained evidence sug- 
gesting that GTP-binding proteins such as IAP 
substrate also regulate Ca2+ influx via voltage- 
sensitive Ca2+ channels. 
2. MATERIALS AND METHODS 
2. I. Cell culture 
NG108-15 cells were cultured in Dulbecco’s 
modified Eagle’s medium (DMEM) containing 
100 FM hypoxanthine, 16 PM d-thymidine, 1 PM 
aminopterin and 6% fetal bovine serum at 37°C in 
a humidified atmosphere of 10% COz-air. For the 
experiments of Ca2+ influx, culture dishes were 
coated with 0.1 mg/ml polyornithine (polymeriza- 
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tion about 50) in 150 mM borate buffer (pH 8.4) 
to prevent detachment of the cells from dishes. 
2.2. IAP treatment of the cells 
IAP was added into the culture medium and in- 
cubated for 4 h at 37°C in humidified atmosphere 
of 10% COz-air. To prepare the B-oligomer of 
IAP, IAP was preincubated with 5 mM DTT and 
1 mM ATP at 37’C for 30 min to dissociate A- 
protomer and B-oligomer of IAP [12], and then 
the mixture of A-protomer and B-oligomer (1% 
v/v) was added to the culture medium and in- 
cubated for 1 h at 37°C in humidified atmosphere 
of 10% CO2-air. 
2.3. Adenylate cyclase activity 
Cells were collected and washed twice with 
phosphate buffered saline (PBS; 20 mM Tris-HCl, 
135 mM NaCl, 2.7 mM KCl, 8.0 mM Na2HPOd 
12H20, 1.5 mM KH2P04, pH 7.5), then 
homogenized in 20 mM Tris-HCl buffer (pH 7.4) 
containing 5 mM MgCL, 2.4 mM EGTA and 
8 mM dithiothreitol (DTT). The total volume of 
the reaction mixture of 400 ~1 contained 50 mM 
Tris-HCl buffer (pH 7.7), 0.4 mM ATP (contain- 
ing 0.5 &i [3H]ATP), 0.4 mM CAMP, 1 mM 
isobutylmethylxanthine (IBMX), 15 mM creatine 
phosphate, 25 U creatine phosphokinase, 10pM 
GTP, 2 mM DTT, 0.6 mM EGTA, 1 mM CaC12, 
5 mM MgC12, test drug or the vehicle and mem- 
brane suspensions (approx. 1 mg protein). The 
mixture was incubated at 37°C for 10 min and ter- 
minated with adding 400~1 of 1 mM CAMP and 
boiling for 3 min. Subsequently, the reaction mix- 
ture was centrifuged for 3 min and 600~1 of the 
supernatant was applied to the column (Dowex 
5OW-X4, H+ form, 200-400 mesh, 2.7 x 0.5 cm) 
to purify the 3H-cAMP produced from [3H]ATP. 
The initial 0.5 ml effluent and the 1.0 ml effluent 
with distilled water were discarded and the next 
1.5 ml effluent were applied to the 1.5 g Alumina 
column. The 1.5 ml effluent and the 1.0 ml ef- 
fluent with 50 mM Tris-HCl buffer (pH 7.7) were 
discarded. The final 3.0 ml effluent buffer were 
collected and the radioactivity was measured by a 
liquid scintillation spectrometer. 
2.4. Cd’ influx 
Cells treated with each agent for 24 h were wash- 
ed with Tris buffered saline (TBS; 20 mM Tris- 
HCl, 150 mM NaCl, 5.4 mM KCl, 1.8 mM CaC12, 
0.8 mM MgS04, 25 mM glucose, pH 7.4), then 
TBS or high-K+ TBS (50 mM KCl, 105.4 mM 
NaCl and others the same as TBS) containing 
5 ,&i 45CaC12 was added and incubated at 37°C 
for 5 min. After the incubation, the medium was 
removed by aspiration and cells were washed 3 
times with ice cold 20 mM Tris-HCl buffer (pH 
7.4) containing 150 mM NaCl, 5 mM CaC12 and 
0.1 mM LaCl3. The washed cells were released 
from dishes with a rubber policeman. The pellets 
after the centrifugation were dissolved in 1.5 ml of 
0.1% sodium deoxycholate and the radioactivity 
was measured. 
3. RESULTS 
Depolarized stimulation by 50 mM K+ increased 
Ca2+ influx at 5, 10, 30,60 s or 5 min (not shown). 
At 5 min after the addition of 50 mM K+, Ca2+ in- 
flux increased approx. 1.5-fold (fig.1). These ef- 
fects were significantly suppressed by pretreatment 
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Fig. I. Effects of LaCI3, verapamil and nifedipine on 
50 mM K+-induced Ca2+ influx. The Ca2+ uptake was 
measured at 5 min after the addition of 50 mM KCl. 
LaCl3, verapamil or nifedipine was added into the 
medium 5 min before KC1 addition. Each value shows 
the mean f SE. The number of experiments is shown in 
parentheses. Significance: * P < 0.05, ** P < 0.01. 
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of the cells with 100 ,uM LaCIs or 10 ,uM verapamil 
and tended to be suppressed by pretreatment with 
100 nM nifedipine. 
After incubation of the cells with 100 ng/ml 
IAP for 4 h, the adenylate cyclase activity and 
50 mM K+-induced Ca*+ influx were measured. 
Treatment of NGlOB-15 cells with IAP stimulated 
adenylate cyclase activity in a concentration- 
dependent manner (fig.2). In addition, IAP in- 
duced ADP-ribosylation of the membrane proteins 
with molecular masses of approx. 40 kDa which 
corresponds to Gr/G, (not shown). In IAP-treated 
cells, 50 mM K+-induced Ca2+ influx was 
significantly reduced but the basal Ca2+ influx 
were not influenced compared to those in control 
cells. IAP is known to be composed of an A(ac- 
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Fig.2. Effect of IAP on adenylate cyclase in NC10815. 
Cells were incubated with IAP for 4 h at 37°C and then 
adenylate cyclase activity was measured. Each value 
shows the mean -t SE. The number of experiments is 
shown in parentheses. Significance: * P < 0.05, ** P < 
0.01 vs control. 
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Fig.3. Effects of IAP on 50 mM K+-induced Ca2+ 
influx. IAP (final concentration 100 ng/ml) was added 
to the medium and incubated for 4 h. To dissociate the 
A-protomer and the B-oligomer of IAP, lO,~g/ml IAP 
was incubated with 5 mM DTT and 1 mM ATP at 37°C 
for 30 min. The dissociated IAP (l%, v/v; final 
concentration 100 ng/ml) was added to the culture 
medium and incubated for 1 h. The Ca2+ influx was 
measured 5 min after the addition of 50 mM KC1 or the 
vehicle. Each value shows the mean f SE. The number 
of experiments is shown in parentheses. Significance: 
Table 1 
Effects of dibutyryl CAMP and forskolin on 50 mM 
K+-induced Ca2+ influx 
KC1 (mM) Ca2+ influx (pmol/106 cells) 
Control 1 mM dibutyryl 10pM 
CAMP forskolin 
5.4 407 + 3 (5) 335 + 15 (4) 325 f 9 (5) 
50 610 ? 20 (5) 469 +- 46 (4) 529 + 24 (5) 
Ratio= 1 so 1.40 1.63 
a Ratio (50 mM KCl-induced Ca’+ influx)/(5.4 mM 
KCl-induced Ca2+ influx) 
The Ca2+ influx was measured 5 min after the addition 
of 50 mM KC1 or the vehicle. Each value shows the 
mean + SE. The number of experiments is shown in 
parentheses 
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tive)-protomer and a B(binding)-oligomer: the B- 
oligomer of IAP binds membrane surface 
glycoproteins and then carries A-protomer (ADP- 
ribosyl-transferase) across the plasma membrane 
and ADP-ribosylated Gi/G, [ 151. Since incubation 
of IAP with DTT and ATP can dissociate both 
units [16], non-specific effects of B-oligomer of 
IAP on Ca2+ influx can be investigated. 
Dissociated B-oligomer of IAP produced a signifi- 
cant stimulation in 50 mM K+-induced Ca2+ influx 
(fig.3). Cells treated with 1 mM dibutyryl CAMP 
or 10 PM forskolin for 1 h significantly reduced 
basal as well as 50 mM K+-induced Ca2+ influx: 
the ratio (50 mM K+-induced Ca’+ influx/Ca2+ in- 
flux under normal K+) was no different between 
control and treated with dibutyryl CAMP or for- 
skolin (table 1). 
4. DISCUSSION 
The results presented here show that pretreat- 
ment with IAP completely suppressed the high 
K+-induced Ca2+ influx in NGlOS-15. The high 
Kc-induced Ca2+ influx could occur through 
voltage-sensitive Ca2+ channels, since verapamil, a 
blocker of voltage-sensitive Ca2+ channels, in- 
hibited the effect. La3+, a nonspecific blocker of 
Ca’+ channels, inhibited the influx below control 
(5.4 mM K+) level, suggesting that the NGlOS-15 
cells possess voltage-insensitive Ca2+ channels. 
IAP stimulated adenylate cyclase activity ap- 
prox. 2.5-fold at 100 ng/ml through ADP- 
ribosylation and inhibition of Gr. The resulting 
elevation of the CAMP content may induce inhibi- 
tion of voltage-sensitive Ca2+ channels. The 
depolarization-evoked increase in Ca2+ influx, 
however, was still observed after treatment with 
1 mM dibutyryl CAMP or 10pM forskolin. 
Therefore elevation of CAMP level probably is not 
involved in the inhibition of voltage-sensitive Ca2+ 
channels. Cells treated with 1 mM dibutyryl CAMP 
or 10pM forskolin for 1 h significantly reduced 
both basal and 50 mM K+-induced Ca2+ influx, 
suggesting that Cat+ entry mechanisms other than 
voltage-sensitive Ca2+ channels may be inhibited 
by CAMP. 
It has been reported that the B-oligomer of IAP 
forms crosslinks of membrane surface glycopro- 
teins and induces the stimulation of DNA synthesis 
in lymphocytes [17]. To identify the effects of the 
B-oligomer on Ca2+ influx, effects of dissociated 
IAP after preincubation in the presence of DTT 
and ATP [16] on Ca2+ influx were examined. The 
dissociated IAP increased 50 mM K+-induced 
Ca2+ influx. Therefore, IAP inhibition of 50 mM 
K+-induced Ca2+ influx is due to the A-protomer 
which can ADP-ribosylate. It is possible that Gi,G, 
and/or other IAP-substrate proteins directly 
regulate opening in voltage-sensitive Ca2+ chan- 
nels, or sensitivity to voltage. On the other hand, 
surface proteins bound by the B-oligomer of IAP 
may also modulate voltage sensitivity or Ca2+ in- 
flux, since dissociated IAP enhanced high 
K+-induced Ca2+ influx. 
Recently several papers show that IAP-substrate 
proteins are involved in Ca2+ mobilization through 
voltage-sensitive Ca2+ channels. In rat pituitary 
cell line CH4C1, 11 mM K+-induced prolactin 
release and rising intracellular Ca2+ levels are 
reduced by somatostatin but the effects of 
somatostatin disappeared in IAP-treated cells [3]. 
In dorsal root ganglions, noradrenaline or GABA 
electrophysiologically exerts the inhibition of 
voltage-sensitive Ca2+ channels which was abolish- 
ed by pretreatment with IAP or by intracellular 
administration of guanosine 5 ’ -0-(2-thiodiphos- 
phate) [4], suggesting that IAP-substrate GTP- 
binding proteins are involved in receptor-mediated 
inhibition of Ca2+ influx via voltage-sensitive Ca2+ 
channels. Hescheler et al. [18] demonstrated that 
G, is involved in opiate receptor-mediated inhibi- 
tion of Ca2+ channels. It is an interesting subject 
whether or not GTP-binding proteins other than 
the receptor-coupled ones exist and regulate the 
signal transduction from depolarized stimulation 
to Ca2+ influx. The recent findings from our 
laboratory show that high K+-stimulated 
noradrenaline release from rat cerebral cortical 
slices is reduced by pretreatment with N-ethylmale- 
imide, a Gi inactivator. 
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